Background-Heterogeneous remodeling of gap junctions is observed in many forms of heart disease. The consequent loss of synchronous ventricular activation has been hypothesized to result in diminished cardiac performance. To directly test this hypothesis, we designed a murine model of heterogeneous gap junction channel expression. Methods and Results-We generated chimeric mice formed from connexin43 (Cx43)-deficient embryonic stem cells and wild-type or genetically marked ROSA26 recipient blastocysts. Chimeric mice developed normally, without histological evidence of myocardial fibrosis or hypertrophy. Heterogeneous Cx43 expression resulted in conduction defects, however, as well as markedly depressed contractile function. Optical mapping of chimeric hearts by use of voltage-sensitive dyes revealed highly irregular epicardial conduction patterns, quantified as significantly greater negative curvature of the activation wave front (Ϫ1.86Ϯ0.40 mm in chimeric mice versus Ϫ0.86Ϯ0.098 mm in controls; PϽ0.01; nϭ6 for each group). Echocardiographic studies demonstrated significantly reduced fractional shortening in chimeric mice (26.6Ϯ2.3% versus 36.5Ϯ1.6% in age-matched 129/SvϫC57BL/6F1 wild-type controls; PϽ0.05). Conclusions-These data suggest that heterogeneous Cx43 expression, by perturbing the normal pattern of coordinated myocardial excitation, may directly depress cardiac performance. (Circulation. 2001;104:1194-1199 .)
G ap junctions play a pivotal role in the coordinated excitation of the heart. 1 Formed from the assembly of a family of proteins known as connexins, gap junction channels in the myocardium are preferentially targeted to the intercalated disks between adjacent myocytes and account in part for anisotropic conduction in normal cardiac tissue. 2 In a wide spectrum of cardiac disease states, abnormalities in connexin subcellular localization is observed. [3] [4] [5] [6] [7] [8] [9] [10] Increasing experimental evidence, including recent murine genetic studies, links this pathological remodeling of gap junctions to cardiac conduction abnormalities and rhythm disturbances. 8, 11, 12 Remodeling of gap junctions is often focal, a spatial pattern that might result in discrete areas of conduction defects within the myocardium. 7, 13 Although experimental data are lacking, it has been hypothesized that remodeling could disrupt wave-front propagation, interfere with coordination of myocyte contraction, and diminish contractile performance. 7, 14 Accordingly, in this study, we designed a model of heterogeneous gap junction expression in the heart to test the hypothesis that loss of synchronous ventricular activation diminishes cardiac contractile performance. We generated chimeric mice, formed from connexin 43 (Cx43)-deficient embryonic stem (ES) cells and wild-type or genetically marked ROSA26 recipient blastocysts, to model the heterogeneous pattern of gap junction expression typical of diseased myocardium. In contrast to the uniform conduction slowing in Cx43 conditional knockout mice, 12 optical maps of chimeric hearts with voltage-sensitive dye showed highly irregular epicardial activation profiles. Moreover, chimeric mice developed significant contractile defects, supporting the hypothesis that loss of synchronous electrical activation of the ventricular myocardium from gap junction remodeling leads to systolic dysfunction. tivate this allele, we transiently expressed a Cre-GFP fusion protein 15 in these Cx43 ϩ/flox ES cells and excised the Cx43 open reading frame. Subsequently, a GFP-Neo fusion targeting construct was "knocked in" to the remaining wild-type Cx43 allele.
Western Blot Analysis
Western blot analyses were performed with a rabbit polyclonal antibody to Cx43 and a mouse monoclonal antibody to tubulin (Zymed Laboratories, Inc) as previously described. 12, 16 Histology Hearts were fixed in 4% paraformaldehyde and embedded in paraffin. Sections were stained with modified Masson's trichrome or hematoxylin and eosin.
Detection of ␤-Galactosidase Expression by Whole-Organ X-Gal Staining
Cardiac chimerism with ROSA26 host embryos was evaluated by whole-organ X-gal staining as previously described. 17, 18 
Immunofluorescence and Confocal Analysis
Simultaneous immunodetection of Cx43 and visualization of myocyte borders within cardiac tissue with wheat-germ agglutinin was performed on frozen sections as previously described. 12, 19 
Optical Mapping of Ventricular Activation
High-resolution optical mapping of epicardial activation was performed with a voltage-sensitive dye (di-4-ANEPPS, Molecular Probes) in the absence of any motion reduction techniques as previously described. 12, 20, 21 
Conduction Velocity and Wave-Front Curvature
Conduction velocities were calculated as previously described. 20 Wave-front curvature was calculated as follows. Unit vectors in the direction of local conduction are perpendicular to the local isochrones. According to the curvature theorem, 22 the divergence of this unit vector field is equal to the local curvature of the wave front. Partial derivatives of this unit vector field were calculated by decomposing the unit vectors into their x and y components (U x , U y ). The spatial derivatives of these components were taken by the methods described for calculating velocity vectors above. The curvature () is given by
High positive curvatures are expected in all hearts near the electrode during epicardial pacing. High negative curvatures, however, are expected only in areas in which the activation wave front negotiates an obstacle or where wave fronts collide. Hence, negative curvatures were quantified to reveal the presence of obstacles in the heart. Pixels with negative curvature were grouped in 0.1-mm bins of curvature, and a cumulative histogram of the negative curvatures was constructed. The value that accounted for 95% of the cumulative histogram was used as a measure of negative curvature.
Echocardiography
Echocardiography was performed as previously described at 3 months of age in wild-type 129/SvϫC57BL/6 controls, Cx43 Ϫ/Ϫ chimeric mice with visible coat chimerism, and their littermates with no visible coat chimerism. 12 As an additional control, echocardiograms were also performed on 13-month-old chimeric mice formed from Cx43 ϩ/flox (Cx43-expressing) 129/Sv ES cells injected into C57BL/6 host blastocysts. Measurements were performed online in a blinded fashion. Fractional shortening, left ventricular volumes, and ejection fraction were calculated as previously described. 23, 24 Statistics Data are expressed as meanϮSEM. Conduction parameters were compared by a 2-tailed, unpaired Student's t test (Microsoft Excel). Echocardiographic parameters were compared by ANOVA, followed by Fisher's protected least significant difference test (Stat-View, SAS Institute). Because the intraventricular dimensions, volumes, fractional shortening, and ejection fraction are derived from only 2 independently measured parameters, we chose to test the intraventricular dimension in systole and fractional shortening for significance. Probability values of PϽ0.05 were considered statistically significant.
Results

Generation of Cx43 ؊/؊ Chimeric Mice
To generate Cx43-null ES cells, both alleles of the Cx43 gene were sequentially targeted by homologous recombination by use of a strategy diagrammed in Figure 1 , A and B. The correct targeting events were confirmed by Southern blotting ( Figure 1C ), and the absence of Cx43 expression was demonstrated by Western analysis ( Figure 1D ). Several correctly targeted Cx43 Ϫ/Ϫ ES cell clones were identified, and 2 such clones were used in this study.
Initial blastocyst injections were performed with C57BL/6 host embryos, allowing us to estimate the extent of chimerism by coat color. These injections resulted in 30 viable pups. Of these offspring, 7 had no visible coat chimerism, whereas 23 were visibly chimeric. The extent of chimerism estimated by coat color correlated well with results from Southern blotting of genomic DNA prepared from tail biopsies ( Figure 1E ). Within individual chimeric mice, the extent of chimerism was similar in tail, heart, and liver ( Figure 1F ).
To visualize the extent of cardiac chimerism, additional blastocyst injections were performed with ROSA-26 host embryos, which express ␤-galactosidase in most cell types, allowing for whole-organ X-gal staining of the heart. 25 Compared with an adult nonchimeric ROSA-26 mouse heart, which appeared uniformly blue (Figure 2A ), staining of a heart from a chimeric mouse derived from Cx43 Ϫ/Ϫ ES cells and ROSA-26 host embryos (Cx43 ϩ/ϩ ) revealed a mosaic appearance, which was readily apparent on the epicardial surface of the heart ( Figure 2B ).
To visualize chimerism at the cellular level, immunostaining was performed for Cx43, and the sarcolemma was demarcated with wheat germ agglutinin. 19 Wild-type hearts showed the typical punctate pattern of Cx43 staining, localized at the intercalated disks ( Figure 3 , A and C). In chimeric hearts ( Figure 3 , B and D), patches of cardiac muscle with a wild-type staining pattern were adjacent to regions devoid of Cx43 staining, consistent with the heterogeneity visualized by X-gal staining.
Cx43 ؊/؊ Chimeric Mice Develop Normally
Of the 30 viable chimeric mice, all developed normally without signs of illness. On gross examination, visibly chimeric pups derived from C57BL/6 host embryos (nϭ23) differed from littermates with no visible chimerism (nϭ7) only in coat color and body weight, effects attributable to strain differences between the C57BL/6 hosts and the 129/Sv ES cells. Indeed, chimeric pups derived from ROSA-26 host embryos (129/Sv strain) appeared no different in coat color or body weight from their littermates with no detectable chimerism. On histological examination, there was no evidence of myocardial fibrosis or hypertrophy in chimeric mice (nϭ7) compared with age-matched controls (Figure 4 ). Of the cohort of 30 mice, 2 died unexpectedly, 1 with no visible chimerism at 5 months of age and a second with substantial chimerism at 2 months of age.
Regional Conduction Deficits in Cx43 ؊/؊ Chimeric Mice
To determine the effects of patchy expression of Cx43 on cardiac impulse propagation, we performed optical mapping of epicardial activation patterns in visibly chimeric and control mouse hearts. In contrast to the smooth epicardial activation pattern typical of the normal murine heart (Figure 5B), 5 of 7 chimeric hearts showed discrete areas of conduction delay of varying magnitudes ( Figure 5 , C and E). To quantify the conduction abnormalities, we calculated negative curvature values as a measure of the extent of obstacles encountered during impulse propagation. Chimeric hearts showed significantly greater negative curvature than control hearts (Ϫ1.86Ϯ0.40 versus Ϫ0.86Ϯ0.098 mm, PϽ0.05; nϭ6 for each group). Interestingly, ventricular tachycardia occurred spontaneously in 2 of 7 isolated chimeric hearts ( Figure 5F ) but was not noted in any of the age-matched controls (nϭ6).
Contractile Performance Is Diminished in Chimeric Hearts
We used echocardiography to investigate whether heterogeneous expression of Cx43 in the heart affected ventricular function ( Figure 6 ). Fractional shortening was significantly decreased in visibly chimeric mice formed from Cx43deficient 129/Sv ES cells and wild-type C57BL/6 blastocysts compared with both littermate mice with no visible chimerism and age-matched 129/SvϫC57BL/6F1 controls (26.6Ϯ2.32%* versus 36.5Ϯ2.28% versus 36.5Ϯ1.59%, respectively; *PϽ0.05; Table) . To control for the potential effect of strain chimerism itself on ventricular function (129/Sv ES cells in C57BL/6 hosts), we also performed echocardiograms on chimeric mice formed from Cx43 ϩ/flox (Cx43-expressing) 129/Sv ES cells injected into C57BL/6 host blastocysts. 12 There was no significant decrease in fractional shortening in these chimeric mice (35.7Ϯ2.58%; nϭ5) compared with either control group.
Discussion
Gap junction remodeling has been observed in a variety of cardiomyopathic conditions, including hibernating myocardium, infarction, and dilated cardiomyopathy. [3] [4] [5] [6] [7] [8] [9] [10] These observations have led to the hypothesis that gap junction remodeling may contribute not only to conduction defects but also to wall motion abnormalities. 14 Indeed, human myocardial biopsy specimens have demonstrated focally reduced gap junction immunoreactivity in ischemic or hibernating regions, in which ventricular wall motion is often locally decreased. 7 Mechanistically, regional dysregulation of Cx43 in acquired cardiomyopathies is theorized to cause a loss of coordinated contraction and ultimately ventricular dysfunction. Furthermore, delayed activation in regions with a relative paucity of Cx43 could lead to increased systolic wall stress in those regions and progressive ventricular dilatation, in a manner akin to that described in infarct expansion. 26 To date, the evidence linking gap junction remodeling with ventricular dysfunction has been correlative. Accordingly, the primary goal of this study was to test whether heterogeneous expression of Cx43 in the heart influenced cardiac contractile performance. We therefore generated chimeric mice composed of variable admixtures of Cx43-null and wild-type cells throughout all tissues of the body. Immunohistochemical analyses demonstrated patches of cells of each genetic background throughout the myocardium of chimeric mice, without morphological abnormalities, myocardial fibrosis, or hypertrophy.
Reflecting the heterogeneous expression of Cx43, chimeric mice showed markedly abnormal epicardial activation profiles, which we quantified by calculating negative curvature. The major finding in this study is that the chimeric mice developed significant systolic dysfunction, whereas control mice with normal Cx43 expression had preserved ventricular function. Because contractile performance is normal when Cx43 expression is uniformly inactivated in the myocardium, 12 our findings suggest that it is the heterogeneity of electrical activation that accounts for the systolic dysfunction.
Conceivably, chimeric mice formed from ES cells and blastocysts of different strains might lead to hearts in which individual myocytes have intrinsic differences in contractility, resulting in a myopathic syndrome. 27 Therefore, we also performed echocardiography on chimeras formed from Cx43expressing (floxed) 129/Sv ES cells injected into C57BL/6 embryos. On the basis of these studies, the heterogeneous loss of Cx43 in the myocardium, rather than strain chimerism, appears to account for the contractile dysfunction. Nonetheless, additional studies of contractility in individual myocytes from chimeric hearts will be of interest to confirm the absence of intrinsic alterations in performance at the cellular level.
There are several limitations of the chimeric mice as a surrogate for gap junction remodeling in human cardiomyopathies. The extent of uncoupling between genetically modi-fied myocytes in the chimeras and the anatomic distribution of these cells within the chimeric hearts are both likely to differ substantially from the remodeling process associated with acquired forms of heart disease. In addition, although a relationship between the degree of chimerism and the extent of conduction abnormalities and systolic dysfunction may well exist, we did not generate sufficient numbers of chimeric animals in this study to reach this conclusion. Furthermore, Cx43 chimerism may also affect diastolic function, although the techniques we used do not allow for such an investigation.
In summary, the results of the present study provide the first evidence directly linking heterogeneous expression of gap junction channels in the heart to both conduction defects and systolic dysfunction. Because gap junction abnormalities have been observed in many forms of cardiac disease, restoration of normal intercellular coupling may well serve as a novel approach to diminish lethal arrhythmias and improve cardiac function. Strategies to improve intercellular coupling in the diseased heart could include methods designed to upregulate Cx43 or other connexins normally expressed at lower levels in the heart.
